Dynamin is a large multidomain GTPase that assembles into helical arrays around the necks of deeply invaginated clathrin-coated pits and catalyzes membrane fission during the final stages of endocytosis. Although it is well established that the function of dynamin in vivo depends on its oligomerization and its capacity for efficient GTP hydrolysis, the molecular mechanisms governing these activities have remained poorly defined. In recent years, there has been an explosion of structural data that has provided new insights into the architecture, organization and nucleotide-dependent conformational changes of the dynamin fission machine. Here, we review the key findings of these efforts and discuss the implications of each with regard to GTP hydrolysis, dynamin assembly and membrane fission.
Introduction
Dynamin is a multidomain GTPase that forms helical assemblies at the necks of deeply invaginated clathrin-coated pits (CCPs) and catalyzes membrane scission during the final stages of clathrinmediated endocytosis (CME) (Mettlen et al., 2009) . It is the prototypical member of a family of large atypical GTPases that share the common properties of low affinity for guanine nucleotides (apparent K m values of ,10-100 mM), high basal turnover (,0.4-1 min
21
) and the propensity for oligomerization (Song and Schmid, 2003) . Dynamin-related proteins participate in a wide variety of cellular processes including mitochondrial fission (DRP1 and Dnm1) and fusion (Opa1, Mgm1 and mitofusins), vacuolar fission (Vps1), interferon-induced anti-viral protection (Mx proteins), and plant cell cytokinesis and membrane fission (Arabidopsis thaliana DRP proteins) (Praefcke and McMahon, 2004) . In vitro, basal GTP hydrolysis can be observed when using purified dynamin tetramers; they readily oligomerize into rings and spirals in low ionic strength buffer (Hinshaw and Schmid, 1995) or into helical arrays in the presence of anionic lipid scaffolds (Sweitzer and Hinshaw, 1998; Stowell et al., 1999) , structures that are reminiscent of the dynamin collars formed at the necks of invaginated clathrin-coated pits in vivo (Takei et al., 1995; Hinshaw and Schmid, 1995) . Similar assemblies have been observed with other dynamin family members, including Dnm1 (Ingerman et al., 2005; Mears et al., 2011) , MxA (Kochs et al., 2002) and a bacterial dynamin like protein (BDLP) from Nostoc punctiforme (Low and Löwe, 2006; Low et al., 2009) . Oligomerization stimulates the basal hydrolysis rate of dynamin more than 100-fold (Warnock et al., 1996; Stowell et al., 1999) and is essential for CME, evidenced by the fact that mutations that impair GTP binding, self-assembly or assembly-stimulated GTP hydrolysis also cause defects in endocytic uptake in vivo (Schmid and Frolov, 2011) .
Dynamin has five functional domains (Fig. 1 ). The N-terminal G domain binds and hydrolyzes GTP and shows homology to the catalytic domains of other GTPases (van der Bliek, 1999) . The 'middle' domain is largely a coiled-coil structure and mediates the higher-order dynamin oligomerization in conjunction with the GTPase effector domain (GED) (Ramachandran et al., 2007) . Mutagenesis data initially suggested that the GED also functioned as an intramolecular GTPase-activating protein (GAP) (Sever et al., 1999) ; however, our subsequent biochemical and structural studies revealed that it exerts its effects through a non-classical mechanism in which its Cterminus (C GED ) associates with the N-and C-terminal helices of the G domain (N GTPase and C GTPase , respectively), located far away from the active site (Chappie et al., 2009; Chappie et al., 2010) . The resulting three-helix bundle is termed the 'bundlesignaling element' (BSE), as mutations within its hydrophobic core indirectly modulate the GTPase activity of dynamin in vitro and shift the kinetics of endocytosis in vivo such that fission, rather than coated-pit maturation, becomes rate limiting (Chappie et al., 2009) . Dynamin also contains a membrane-binding pleckstrin homology (PH) domain that preferentially targets phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P 2 ] lipids (Salim et al., 1996) , and a C-terminal proline-arginine-rich domain (PRD) that binds the SH3 domains of accessory partner proteins that are important for CME (see supplementary Table S1 in Ferguson and De Camilli, 2012) .
The G domain is the most highly conserved region among dynamin homologs. Even distant relatives, such as BDLP, the interferon-induced human guanylate binding protein 1 (GBP1), the endoplasmic reticulum fusion proteins atlastin, yeast Sey1 and plant RHD3, and the cellular trafficking EHD ATPases show significant sequence and structural similarity in this region (Low and Löwe, 2006; Ghosh et al., 2006; Daumke et al., 2007; Byrnes and Sondermann, 2011; Bian et al., 2011) . The middle domain and GED are also present in dynamin-related proteins, underscoring their functional importance in oligomerization. Additions to this core framework, i.e. the PH domain and PRD in dynamin, the B-insert in DRP1 and Dnm1, the viral-binding loops in Mx proteins and membrane anchors found in Opa1, Mgm1 and mitofusins, represent function-specific modifications (Fig. 1) .
Cell biologists have long struggled to understand the mechanisms underlying dynamin function. A structural-biologyled renaissance has occurred in recent years, which has provided numerous insights into the intricate architectural organization and hydrolysis activities of this complex fission machine. In this Commentary, we will review these results, emphasizing key findings from X-ray crystallography, cryoelectron microscopy and biochemistry. Our aim is not only to present the significant advances heralded by these studies, but also to inform those unfamiliar with structural biology about the limitations of the resulting models and important considerations for future experiments.
Dynamin structure at atomic resolution X-ray crystallography can reveal detailed information about the architecture and mechanism of a macromolecule provided wellordered diffraction-quality crystals can be obtained. This proved to be a challenge for dynamin, due to its size, complex folding and inherent propensity for oligomerization at high concentrations. For years, crystallographic studies were limited to a subset of isolated domains that retained a stable, compact structure, namely the G domains of human dynamin 1 and Dictyostelium discoideum DynA, which were made as fusions to myosin motors (Niemann et al., 2001; Reubold et al., 2005) and the PH domain (Ferguson et al., 1994; Timm et al., 1994) . Recently, however, the structures of the intact dynamin molecule Ford et al., 2011) and of its relative MxA were solved ( Fig. 2A) . The key to generating conformationally homogeneous monodisperse samples that were suitable for crystallization was the identification and incorporation of assembly-defective mutations that hinder the formation of helical arrays, while concomitantly preserving the underlying structural integrity. For human dynamin 1 and MxA, stretches of alanine mutations -IHGIR [395] [396] [397] [398] [399] to AAAAA and YRGR [440] [441] [442] [443] to AAAA, respectively -were introduced based on previous success in crystallizing the isolated middle-GED MxA stalk (Gao et al., 2010) ; for rat dynamin, a single point mutation (G397D) was sufficient to enable suitable samples to be made. These substitutions, like the other previously described assemblydefective mutations in yeast mitochondrial Dnm1 (G385D, Ingerman et al., 2005) and human dynamin 1 (I690K, Sever et al., 2006; R361S and R399A, Ramachandran et al., 2007) , shift the oligomeric state from tetramers to dimers. Additionally, the PRD was removed from human and rat dynamin and the viral substrate-binding loop (residues 533-561) of MxA was deleted. Together, these alterations produced crystals that diffracted to 3.7 Å (human dynamin 1; Faelber et al., 2011) , 3.1 Å (rat dynamin; Ford et al., 2011) , and 3.5 Å (MxA; Gao et al., 2011) .
Dynamin and MxA each form extended monomers in which the polypeptide folds back on itself. As a result, the threedimensional domain organization does not directly correlate with the linear sequence of functional domains ( Fig. 1 ; Fig. 2A ). The two termini of the polypeptides come together to form parts of the BSE, which in turn connects the G domain to a helical stalk comprised of the middle domain and GED. The PH domain sits at the bottom of the stalk in dynamin and is replaced by the viral-binding loops in MxA. In the crystals, these monomers pack into linear arrays and contact each other through three distinct interfaces in the stalk (Fig. 2B,C) . Mutations that facilitated crystallization all map to a highly disordered region at the end of interface 3. None of the structures contain nucleotide and represent single, structural snapshots of the apo state Ford et al., 2011; Gao et al., 2011) .
The connectivity between the structural domains is a significant aspect of these models. Two hinge regions (Fig. 2B ) that link the BSE to the stalk (hinge 1) and the G domain (BSE hinge) are of crucial importance as they dictate the relative orientation of these domains with respect to one another. The hinge 1 conformation differs among the three structures: it is partially disordered in human dynamin , whereas it forms a more rigid connection in MxA and rat dynamin (Ford et al., 2011) . Hinge 1 mutants impair GTPase activity, while they enhance the efficiency of endocytosis in dynamin 1 (Sever et al., 1999) in Mx proteins (Johannes et al., 1997) , suggesting an important functional role for this region. The BSE hinge contains a highly conserved stretch of amino acids that kinks the C GTPase helix around a key proline residue (294 in human dynamin 1, 294 in rat dynamin, and 340 in MxA) at the C-terminal end of the G domain. The flexibility of this segment is vital to a hydrolysisdependent movement of the BSE (discussed below).
The electron density at the base of the stalk is weak in these structures, with extended stretches of middle domain and GED residues being completely disordered. This prevents the accurate modeling of the stalk-PH connectivity or the viral-binding loops, and creates an inherent ambiguity in determining the overall trajectory of the individual polypeptide chains. Multiple PH domains pack close to the stalk in the dynamin crystals and each could theoretically connect (Fig. 2D) . The published representations of the monomer structures reflect this uncertainty, because different PH domains were selected in the human and rat models Ford et al., 2011) . In this Commentary, we have taken the liberty to change the assignment of the PH domain in human dynamin 1 to that of rat dynamin for simplicity and consistency ( Fig. 2A ). Both arrangements, however, are equally probable. The interpretation of these connections becomes increasingly more complex when mutagenesis and biochemical data are also considered. For example, chemical crosslinking results impose additional structural constraints, which in turn generate two alternative subunit geometries ( Fig. 2E; Fig. 3 ). Regardless of the underlying connectivity, all of these geometries are compatible with the subunit organization observed in both the crystal lattice ( Fig. 2E ) and the helical dynamin polymer (Fig. 3A,B) . Further structural efforts are needed to decipher the connectivity unambiguously.
Structural organization of the dynamin polymer
Although the propensity of dynamin for oligomerization hindered crystallographic endeavors, it has aided in the structural characterization of the dynamin polymer. Mixing a functional, truncated form of dynamin (DPRD) (Muhlberg et al., 1997) with anionic liposomes produces helical tubes that are ideally suited for cryo-electron microscopy (EM), and numerous studies have produced three-dimensional reconstructions of these assemblies in different nucleotide states at moderate resolutions (12-23 Å ) (Zhang and Hinshaw, 2001; Chen et al., 2004; Mears et al., 2007; Chappie et al., 2011) . Without nucleotide, DPRD tubes have a diameter of 50 nm and 14.2 subunits per turn (Chen et al., 2004) and, upon the addition of the non-hydrolyzable GTP analog GMPPCP, they constrict to 40 nm and 13.2 subunits per turn (Zhang and Hinshaw, 2001) (Fig. 3A) . In both cases, the asymmetric unit that is radially repeated within each helical rung is a T-shaped dimer consisting of three prominent densities: the leg, the stalk and the head (Zhang and Hinshaw, 2001) (Fig. 3B ). Structural comparison shows that changes in the stalk density, presumably induced by nucleotide binding, drive the tube constriction (Chen et al., 2004) . However, other data indicates that constriction alone is not sufficient to produce scission (Bashkirov et al., 2008; Shnyrova et al., 2013) , suggesting that these EM models represent an intermediate along the endocytic scission pathway. Saccharomyces cerevisiae Dnm1 tubes also constrict, but exhibit a more dramatic narrowing from ,129 nm to ,67 nm that is associated with GTP hydrolysis . The magnitude of this change and its occurrence at a different step in the hydrolysis cycle might reflect the specialized role of Dmn1 in mitochondrial fission (Ingerman et al., 2005) . While these observations are informative, the limited resolution of the EM density precludes a detailed description of the architecture and domain organization of assembled DPRD helices.
Recent hybrid approaches in which X-ray structures were computationally fitted into the DPRD EM maps have yielded multiple pseudoatomic models for the dynamin polymer (Gao et al., 2010; Chappie et al., 2011; Ford et al., 2011; Faelber et al., 2011) (Fig. 3A) . All these display the same overall topologythe PH domain occupying the leg density, the middle domain and GED in the stalk, and G domain in the head (Fig. 3B) -and, together with mutagenesis data (Sever et al., 2006; Ramachandran et al., 2007; Gao et al., 2010; Kenniston and Lemmon, 2010) , suggest that a dimer is the basic building block of all dynamin assembly (Fig. 3C) . A key difference among these models, however, is the interpretation of the connectivity within this dimer, owing to the fact that the residues linking the middle-GED stalk to the PH domain are disordered in all dynamin crystal structures. Two prevailing interpretations have emerged. In the first (Fig. 3C, left) , dimers are defined based on crystal packing where an extensive interface between monomers (interface 2, see above) forms the primary lattice contact (Gao et al., 2010; Ford et al., 2011; Faelber et al., 2011) . The second (Fig. 3C , center and right) defines dimers according to the constraints imposed by chemical crosslinking and limited proteolysis, which suggest that the C GED helix of the BSE is domain-swapped in the full-length protein and imply that the dynamin tetramer is a dimer of domainswapped dimers (Chappie et al., 2011) . Two putative arrangements are consistent with these data: a short X-shaped dimer with only the C GED helix swapped (Fig. 3C, center) or an extended Mshaped dimer with the entire GED swapped (Fig. 3C, right) . We favor the extended M-shaped dimer as there is no evidence for C GED exchange at the top of the stalk in the full-length structures of human DPRD dynamin , rat DPRD dynamin (Ford et al., 2011) or human MxA ) (see Fig. 2A ). The crystal packing of the DPRD X-ray structures is also compatible with the equivalent arrangement of the M-shaped domain-swapped dimers (Fig. 2E) , and there is currently no definitive evidence to rule out this possibility given the disordered regions at the base of the stalk.
A similar M-shaped architecture has been proposed for a different mutant dimer (DPRD human dynamin 1 with R399A and I690K substitutions) based on small-angle X-ray scattering (SAXS) experiments (Kenniston and Lemmon, 2010) . This model was introduced prior to the publication of the full-length dynamin crystal structures and independently suggested that obligatory mutant dimers can adopt an extended conformation in solution in the absence of intramolecular stalk interactions. It is feasible that these mutants are instead stabilized by a complete GED domain swap. This exchange would probably have to occur concomitantly with protein synthesis and/or folding, given the high energetic cost of disrupting the extensive hydrophobic interface between the middle domain and GED. In context of an extended GED-swapped dimer, interfaces 2 and 3 would facilitate intermolecular interactions between the two dimers within a tetramer (Fig. 3D, left) rather than forming intramolecular interactions within a dimer (Fig. 3D, right) . Furthermore, these interfaces could facilitate higher-order interactions between tetramers once dynamin oligomerizes on the membrane (Chappie et al., 2011) . All additional dynamin mutations that produce obligatory dimers map to interfaces 2 and 3, further supporting their role in high-order assembly (Sever et al., 2006; Ramachandran et al., 2007; Gao et al., 2010; Kenniston and Lemmon, 2010; Ford et al., 2011; Faelber et al., 2011) .
Critics of the domain-swapped dimer models have argued that they are inconsistent with a subset of MxA interface 2 mutants that produce assembly-deficient monomers (Faelber et al., 2012) . We feel it might be premature to assume that there is a one-toone structural correlation between MxA and dynamin. For instance, the introduction of the corresponding MxA mutations into dynamin resulted in insoluble protein . Thus, although the tetramers of each molecule might be held together by conserved intermolecular interactions, the presence of a domain-swap in dynamin, and its absence in MxA, could explain the biochemical incongruities. It would be interesting to see if crosslinking experiments in MxA would visualize any sort of GED exchange between monomers.
Although dimers constitute the minimal unit of dynamin assembly, we must emphasize that they are not free-floating autonomous entities under normal conditions; rather, they will exist as part of a stable tetramer. Subunit exchange within dynamin tetramers has thus far only been observed in the presence of harsh chemical denaturants (S. L. Schmid, personal communication) , indicating that once a tetramer is formed it does not typically come apart. Furthermore, all current structural descriptions of the tetramer are derived from models of the assembled dynamin polymer, which is biased towards a membrane-bound conformation. Analysis of dynamin mutations linked to centronuclear myopathy suggests that the wild-type tetramer in solution is autoinhibited (Kenniston and Lemmon, 2010) , adopting an assembly-incompetent configuration that is distinct from the assembly-competent membrane-bound form that is present in the polymer. The conversion between assemblyincompetent and assembly-competent states could serve as a key to the regulation of dynamin during endocytosis, with assembly being the switch that signifies the onset of fission (Mettlen et al., 2009) . Further structural dissection of the dynamin tetramer will be necessary for understanding the range of its conformational flexibility.
Although dynamin can induce membrane curvature at high concentrations, nucleation of the dynamin polymer becomes strongly dependent on membrane curvature at what is thought to be a physiological protein concentration (Roux et al., 2010) . Under these conditions, dynamin will preferentially bind highly curved regions of the plasma membrane , which in vivo can be generated by BAR-domaincontaining proteins (Mim and Unger, 2012) . Once formed, the dynamin scaffold itself might contribute to lowering the energy barrier for fission by increasing the membrane elastic energy (Morlot et al., 2012) .
Essential catalytic machinery and the mechanism of stimulated GTP hydrolysis Dynamin assembles at the necks of CCPs during CME and harnesses the energy of GTP hydrolysis to catalyze membrane scission. Unraveling the mechanisms of the basal and assemblystimulated GTPase activities of dynamin is therefore fundamental to understanding how dynamin functions as a fission machine. In all GTPases, efficient hydrolysis requires: (1) the correct positioning of a water molecule for an in-line S N 2 attack on the c-phosphate, (2) neutralization of a negative charge that develops between the b-and c-phosphates in the transition state, and (3) stabilization of the conformationally flexible switch regions (switch I and switch II) within the catalytic core (Paduch et al., 2001; Li and Zhang, 2004) . These conditions can be achieved either through interaction with a GTPase-activating protein (GAP) or through dimerization. In GAP-mediated hydrolysis, a stimulating partner binds the switch regions and facilitates the correct positioning of catalytic machinery in the active site (Vetter and Wittinghofer, 2001 ). This machinery typically includes a conserved glutamine residue in switch II that orients the nucleophilic water and a charge-compensating arginine finger (Scheffzek et al., 1997; Tesmer et al., 1997; Scheffzek et al., 1998) . Dimerization accomplishes the same endstate by a symmetric association of the guanine-nucleotidebinding domains, resulting in the reciprocal activation of the individual monomers (Gasper et al., 2009) .
The essential catalytic machinery and mechanism of assemblystimulated GTP hydrolysis for dynamin long remained elusive despite extensive mutagenesis studies (see Table 1 in Schmid and Frolov, 2011 ) and the available crystal structures of the apo and GDP-bound G domain of dynamin A (Niemann et al., 2001 ) and the nucleotide-free rat dynamin G domain (Reubold et al., 2005) . To address these issues, we engineered a minimal G-domain-GED fusion protein (GG) by connecting residues 6-320 and residues 726-750 from human dynamin 1 with a flexible linker (Chappie et al., 2009) (Fig. 4A) . Encompassing the G domain core and the BSE, this construct reconstitutes the basal GTPase activity of dynamin but does not assemble, even at high concentrations, providing an ideal platform for structurefunction studies (Chappie et al., 2009) .
GG dimerizes in the presence of the transition-state mimic GDP?AlF 4 -but not with ground-state non-hydrolyzable GTP analogs such as GMPPCP (Chappie et al., 2010; Chappie et al., 2011) . The 2.0 Å X-ray structure of the GG dimer (GG GDP : AlF { 4 ; Chappie et al., 2010) revealed that monomers associate exclusively through the G domains and bury a large surface of 2569 Å 2 (Fig. 4B) . The active sites face each other at the dimer interface, thereby sequestering the nucleotides from the solvent and reciprocally stabilizing the switch regions (Fig. 4C) , whereas the BSEs extend in opposite directions from the dimer core. Together, the main chain atoms of G139 and T65 along with an additional bridging-water that interacts with Q40 in the P-loop position the catalytic water. The strict use of non-side chain atoms for this purpose is, to date, unique to dynamin and explains why all previous mutagenesis efforts failed to identify these crucial catalytic components (Fig. 4D ). This also implies that basal GTP hydrolysis can only be disrupted by perturbing either the structural fold of dynamin or its nucleotide binding. Indeed, purported catalytic side chains such as T65 and S45 (Marks et al., 2001; Song et al., 2004 ) actually function as coordinating ligands for Mg 2+ , an essential cofactor required for GTP binding (Chappie et al., 2010; Chappie et al., 2011) . Thus, the assumed catalytic role for these residues is likely to be a consequence of defects in nucleotide binding.
An unexpected feature of the GG active site is that a bound Na + ion replaces the charge-compensating arginine finger and is coordinated by AlF 4 2 , the b-phosphate, the carbonyl oxygens of G60 and G62 (in switch I) and the S41 side chain in the P-loop, in a manner similar to that of the in cis arginine finger of the related interferon-c-induced human guanylate protein 1 (Fig. 4D). A number of other G-proteins including MnmE and FeoB have been identified that utilize K + exclusively as a charge-compensating element (Ash et al., 2012) . While both monovalent cations can support GG dimerization and the GTPase activity of dynamin in vitro (Chappie et al., 2010) , K + is likely to be more physiologically relevant in vivo, given its higher intracellular concentration. D180 of the trans-stabilizing loop reaches across the dimer interface and forms hydrogen bonds with Q40, S41 and the main chain nitrogen of G62, thereby stabilizing the P-loop and switch I conformations such that they are poised for catalysis (Fig. 4D) . Q40, S41 and D180 are absolutely conserved among dynamin family members, and mutagenesis of these residues selectively impairs assembly-stimulated GTP hydrolysis without inhibiting basal turnover (Chappie et al., 2010) .
By comparing different nucleotide-bound structures of the dynamin G domain, it has been possible to identify key conformational changes that are associated with GTP binding, G domain dimerization, and GTP hydrolysis. Superposition of GG GDP : AlF { 4 (Chappie et al., 2010) and the nucleotide-free rat dynamin G domain (Reubold et al., 2005) shows how numerous active site elements are reoriented upon the formation of the dimer (PDB: 2X2E). The monomer cores are colored purple and cyan, and the bundle signaling elements (BSEs) are in yellow. (C) Switch region I (red) and switch region II (green) are stabilized at the dimer interface in the GG transition-state complex. GG monomers are shown in cyan and orange. The structure of the Gia 1 -RGS4 transition-state complex is shown below for comparison (Gia 1 in cyan, RGS4 GAP in orange). Note that in this case the switch regions are stabilized at the interface between the G-protein and the GAP. (D) Transition-state stabilization of the of the GG active site. Structural elements involved in this stabilization are labeled. Catalytic and bridging waters are depicted as red spheres; bound Mg 2+ and charge-compensating Na + ions are shown as green and blue spheres, respectively. Dashed lines indicate hydrogenbonding interactions. Together, the charge compensating cation, the bound Mg 2+ and the K44 side-chain act to neutralize the negative charge that develops when the bond is broken between the b-and c-phosphates during hydrolysis. (E) Conformational changes in the active site that accompany the formation of a G domain dimer in dynamin. GG GDP : AlF { transition-state-stabilized G domain dimer (Fig. 4E) : the P-loop tilts toward the a-and b-phosphates, switch I swings in to coordinate the charge-compensating cation, and the dynaminspecific loop converts from an extended unstructured conformation to a short helix, thereby capping the substrate and sequestering it from the solvent (Chappie et al., 2010) . Additional changes are observed in the cis-stabilizing loop, which stabilizes the portion of switch II that does not make direct contact with the opposing monomer at the dimer interface (Chappie et al., 2010) . G domain dimerization, thus, optimally positions the catalytic machinery of dynamin for rapid and efficient GTP hydrolysis.
It is important to note that the stabilization of the GG dimer in the transition-state depends on both the interaction of D180 with P-loop and switch I residues across the dimer interface, as well as the presence of the c-phosphate in each monomer. Together, these complete the coordination sphere for the chargecompensating cation and hold switch I in a locked position (Chappie et al., 2010) . Loss of the c-phosphate would presumably allow an increased mobility of switch I, thereby destabilizing the dimer interface and causing the interacting dynamin molecules to dissociate and recycle during the fission reaction. This notion is supported by the structure of the G domain from Dictyostelium dynamin A in complex with GDP (Niemann et al., 2001) , where only the dynamin-specific loop and P-loop are visible and all the remaining catalytic machinery that is stabilized by dimerization is disordered.
The membrane-bound conformation of dynamin prevents G domain dimers from forming within a tetramer and between neighboring tetramers in the same helical rung (Fig. 5A,B) . Instead, dimerization can only occur between tetramers 
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GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P GT P positioned in adjacent rungs of the helical assembly ( Fig. 5B-D) . Constraining the productive head-to-head interaction in this manner ensures that stimulated GTP hydrolysis is coupled to dynamin assembly.
The dynamin 'powerstroke' and conformational coupling The structure of GG has also been solved in the presence of GMPPCP (GG GMPPCP ). Although GG GMPPCP is entirely monomeric when analyzed by size exclusion chromatography (Chappie et al., 2010) and analytical ultracentrifugation (Chappie et al., 2011) , it forms a head-to-head dimer in the crystal presumably owing to the high concentration of protein present during crystallization (Chappie et al., 2011) . The nonhydrolyzable b-c methylene linkage of GMPPCP does not provide the necessary H-bonding interactions to complete the coordination sphere of the charge-compensating monovalent cation, and instead a water molecule partially fills the vacant ionbinding site in its absence. The P-loop residue S41 rotates 90˚to stabilize this water and in the process severs its hydrogen bond with D180 across the dimer interface. The remainder of the active site is essentially unchanged from that in GG GDP : AlF . The BSE helices, in contrast, assume a radically different position relative to the G domain core (Chappie et al., 2011) : in GG GMPPCP the bundles are oriented upwards, extending out from the core; in GG GDP : AlF { 4 the bundles are rotated ,69˚downwards with a slight counter-clockwise twist, pivoting around the conserved, flexible BSE hinge (Fig. 6A,B) . The central b-sheet shifts towards the nucleotide-binding pocket concomitantly with this change, which tightens the hydrophobic packing within the core and facilitates the formation of salt bridges and hydrophobic interactions that anchor the BSE. Together, these conformational changes suggest the possibility of a powerstroke in which the hydrolysis-dependent movement of the BSE converts the energy of G domain dimerization and/or stimulated GTP hydrolysis into large-scale rearrangements that could precipitate membrane fission (Chappie et al., 2011) . These movements might also have a role in the direct conformational coupling that exists between the PH domain at the membrane surface and the G domain at the top of the molecule (Solomaha and Palfrey, 2005; Ramachandran and Schmid, 2008) .
We find it significant that the BSE adopts a similar downwards conformation in all other dynamin structures, including those that are nucleotide free Ford et al., 2011; Reubold et al., 2005) and GDP-bound (Niemann et al., 2001) . This implies that the up and down configurations of the BSE are coupled to the GTP loading and GTP hydrolysis steps, respectively, and that the G domain can somehow sense the nucleotide state in the active site and relay that information to the BSE. Small Arf-like GTPases use a distinct mechanism for this type of front-to-back communication wherein GTP engages switch I and induces an upwards shift of the central b-sheet. This movement displaces the N-terminal amphipathic helix, allowing it to interact with the membrane (Pasqualato et al., 2002) . In dynamin, GTP loading engages switch I and causes the central bsheet to tilt away from the active site, which pushes against the BSE shifting it upwards (Fig. 6C ) The central b-sheet then tilts back towards the active site upon GTP hydrolysis and the formation of the transition state, thus allowing the bundle to swing down (Fig. 6D) . Switch I remains engaged until the cphosphate is released, after which it becomes highly flexible. The coordination of distant movements through the central b-sheet is a common feature of both protein families and might thus represent a conserved mechanism for conformational coupling. We speculate that the nucleotide state in dynamin is sensed by S41 in the P-loop, because it adopts multiple conformations throughout the hydrolysis cycle and is the only side chain that makes direct contact with the charge-compensating cation in the transition state (Fig. 4D) .
Structural comparison of a GG fusion from Arabidopsis thaliana DRP1A in complex with GDP and GDP?AlF 4 2 shows a similar conformational change of the BSE (Yan et al., 2011) ; the movement, however, appears to be coupled to a different nucleotide state such that the bundles are up in the transition state and down in the presence of bound GDP. This conformational difference could reflect different mechanistic requirements of CME in plants. Recent evidence suggests that DRP1A functions with DRP2B to catalyze coated-vesicle release in Arabidopsis (Fujimoto et al., 2010) . These two proteins display distinct domain features: the G domain of Arabidopsis DRP1 is more similar to human dynamin 1, yet it lacks the PH domain and PRD regions that are present in Arabidopsis DRP2B (Hong et al., 2003) . This raises the possibility that they act together in a heteromeric complex, with each fulfilling a distinct functional role that is already pre-encoded within each of the individual metazoan dynamins (Fujimoto et al., 2010) . It remains to be seen whether Arabidopsis GG DRP2B-DRP1A heterodimers or GG DRP2B homodimers can support the formation of a transitionstate complex and exhibit the same BSE conformational change.
Although mutagenesis studies have established an essential role for the transition-state-stabilized G domain dimer in both dynamin-catalyzed fission (Liu et al., 2013) and endocytosis (Chappie et al., 2010) , the functional relevance of the accompanying BSE movement has yet to be confirmed. Whether this movement produces a direct physical change, as we proposed (Chappie et al., 2011) , or manifests its effects indirectly in these processes remains to be seen. Nucleotidedependent BSE changes have thus far only been visualized in the context of G-domain-GED fusions (Chappie et al., 2011; Yan et al., 2011) . Our knowledge concerning dynamin conformational changes is therefore skewed towards only a select region of the molecule in a specific context. Elucidating the structural changes that occur in other domains upon GTP hydrolysis will dramatically improve our understanding of the powerstroke and its role in the fission reaction.
Conclusions
Structural biology has provided the following crucial insights into dynamin GTP hydrolysis and assembly: (1) the dynamin polypeptide folds back on itself and assumes an extended conformation in the folded state; (2) the underlying building block of dynamin assembly and oligomerization is a domainswapped dimer, two of which stably associate to form a tetramer in solution; (3) dynamin tetramers are likely to adopt different conformations when they are free in solution and when bound to the membrane surface; (4) dynamin uses a bound monovalent cation as the charge-compensating element in the transition state of the hydrolysis reaction and orients the catalytic water with main chain atoms; (5) transition-state-dependent G domain dimerization optimally positions the catalytic machinery in dynamin, leading to stimulated GTP hydrolysis; (6) the BSE undergoes a hydrolysis-dependent conformational change that might act as a powerstroke during fission events; and (7) in the context of the assembled polymer, G domain dimerization occurs between tetramers in adjacent rungs of the dynamin helix. The timing and functional consequences of these activities during the fission reaction still need to be clarified.
Early models for dynamin-catalyzed membrane fission suggested that dynamin functioned purely as a mechanochemical enzyme, expanding (Stowell et al., 1999) , constricting (Chen et al., 2004) or twisting (Roux et al., 2006) with GTP hydrolysis to sever the membrane. Recent studies argue that fission might instead be driven by partial disassembly of the dynamin polymer (Pucadyil and Schmid, 2008; Bashkirov et al., 2008) , curvature-dependent changes in elastic energy at the edge of the dynamin polymer (Morlot et al., 2012) or PH domain tilting within short metastable dynamin collars (Shnyrova et al., 2013) . These models disagree on the role of stimulated GTP hydrolysis, despite the fact that this activity is absolutely required for fission in vitro (Liu et al., 2013) and efficient endocytosis in vivo (Chappie et al., 2010) . Testing the behavior of Q40, S41 and D180 mutants in different minimal biophysical systems (Bashkirov et al., 2008; Morlot et al., 2012; Shnyrova et al., 2013) could help in this regard.
An emerging consensus seems to be that, in addition to facilitating G domain dimerization, dynamin assembly and constriction generate high membrane curvature and localized stress (Bashkirov et al., 2008; Ramachandran et al., 2009; Roux et al., 2010) , which asymmetrically impose a greater strain on the inner monolayer of the membrane neck (Bashkirov et al., 2008; Schmid and Frolov, 2011) . This can lead to the formation of a hemifission intermediate if the inner luminal diameter of the neck approaches the bilayer thickness (,4 nm) (Bashkirov et al., 2008; Shnyrova et al., 2013) . The current models for the dynamin polymer all have an inner luminal diameter of ,7 nm and therefore probably represent an intermediate along the fission pathway rather than the final structural state (Chappie et al., 2010). This discrepancy limits the direct comparisons and interpretations that can be made when integrating structural and biophysical data. Furthermore, the extended nature of this helical structure is an artifact of the cryo-EM reconstruction methodology and represents a non-physiological extreme. Indeed, estimations of the minimal fission apparatus suggest that only two helical turns are necessary for maximal fission efficiency (Liu et al., 2013; Shnyrova et al., 2013) , which correlates with the short dynamin collars observed in vivo (Kosaka and Ikeda, 1983) and the observation that long dynamin scaffolds inhibit fission in vitro (Bashkirov et al., 2008) . The structural models we describe here thus provide an atomicresolution template that can assist in interpreting the lowresolution, and often indirect, read out from various cellular and biochemical assays.
We anticipate that future structures of other dynamin-related proteins will represent variations on a common structural theme, especially given the shared features and motifs present in dynamin, MxA and distant cousins, such as human GBP1 (Prakash et al., 2000; Ghosh et al., 2006) , atlastin (Byrnes and Sondermann, 2011; Bian et al., 2011) , BDLP (Low and Löwe, 2006) and EHD2 (Daumke et al., 2007) , as well as the observed dimerization-dependent activation of these GTPases (Wittinghofer and Vetter, 2011) . The function and cellular localization of many of these proteins differ from that of dynamin, and it will be interesting to see what aspects of the mechanisms and/or associated conformational changes are also conserved. New findings might necessitate sub-dividing the 'dynamin family' further into specified groupings that more accurately reflect the distinct structural and functional properties of its members.
